Introduction {#sec1}
============

Citrate is primarily known as the first major intermediate in the tricarboxylic acid (TCA) cycle, but in recent years, there has been a growing appreciation of the wider range of roles for citrate in biological processes including inflammation, cancer, and insulin secretion, among others.^[@ref1]^ Citrate is produced in the mitochondria by the enzyme citrate synthase (CS) and is metabolized into isocitrate by the enzyme aconitase 2 (ACO2) in the next step of the TCA cycle. Citrate can be transported from the mitochondria to the cytosol by the citrate carrier (CiC; SLC25A1) or transported into the cell from the bloodstream by a plasma-membrane-specific variant (pmCiC; SLC13A5) of the mitochondrial CiC. Once in the cytosol, citrate can be cleaved by ATP citrate lyase (ACLY) into acetyl-CoA and oxaloacetate. Acetyl-CoA is the substrate for various biochemical processes including fatty acid synthesis and histone acetylation for the epigenetic modifications of gene expression,^[@ref2]^ and oxaloacetate plays a key role in various biochemical processes including amino acid biosynthesis. As some of citrate's many roles are associated with the mitochondrial pool, and others are associated with the cytoplasmic pool, methods that can enable the accurate determination of the concentration in both subcellular compartments are of high importance.

Much remains to be learned about the roles of citrate, as published reports support apparently contradictory roles for this key metabolite in cancer cells. Huang et al. have noted that citrate can have both antitumor and tumor-promoting effects, depending on its local concentration.^[@ref2]^ For example, despite the decreased reliance on the TCA cycle in tumor cells (the Warburg effect),^[@ref3]^ some cell types appear to have an increased cytosolic pool of citrate that may serve as a source of acetyl-CoA to be used for increased fatty acid biosynthesis.^[@ref4]^ Conversely, other evidence suggests that a decrease in cytosolic citrate is associated with tumor aggressiveness, possibly due to increased resistance to apoptosis as a consequence of decreased acetyl-CoA-dependent protein acetylation.^[@ref5]^ As these examples demonstrate, citrate is central to the dysregulated metabolism of cancer cells, and enzymes that produce (i.e., CS), transport (i.e., CiC), and metabolize (i.e., ACLY and ACO2) citrate have been proposed as potential targets for new therapeutic approaches to cancer.^[@ref2],[@ref4]^ Further investigation of the role of citrate in tumor development will require new methods that could be used for sensitive detection of citrate in subcellular compartments of cells in *in vivo* tumor models.

In addition to its roles in cancer cells, citrate functions as a regulatory metabolite in endocrine cells such as beta cells^[@ref6]^ and immune cells such as dendritic cells and macrophages.^[@ref7]^ Previous studies suggest that citrate (and isocitrate) exported by CiC to the cytosol can function as a signaling molecule to regulate downstream insulin secretion in beta cells.^[@ref8],[@ref9]^ Furthermore, activated dendritic cells and macrophages undergo a metabolic reprogramming that leads to the accumulation of citrate, which, in turn, regulates the immune cell functions through carbohydrate and fatty acid metabolism and citrate-derived acetylation of histones.^[@ref10]^ Techniques that enable spatially and temporally resolved imaging of citrate concentrations would facilitate the understanding of its central functions in these metabolism-based signaling processes.

A variety of synthetic fluorescent indicators for citrate have been reported, including ones based on indicator displacement assays,^[@ref11]−[@ref13]^ turn-on fluorescence complexation,^[@ref14]^ competitive binding of metal ions such as Eu^3+^ and Pb^2+^ (refs ([@ref15]) and ([@ref16])), and aggregation-induced emission.^[@ref17]^ These indicators have proven useful for the quantitative analysis of citrate in urine, but none of these designs are practical for measurement of citrate in the mitochondria and cytosol of living cells. Challenges with their use in such applications include delivery into cells, competition from other endogenous small molecules, potential toxicity, and the lack of control over subcellular location.

For *in vitro* or *in vivo* application in tissue, an attractive alternative to synthetic indicators are fully genetically encoded proteinaceous biosensors.^[@ref18]^ Genetically encoded biosensors are engineered proteins composed of a fusion between a fluorescent protein (FP), such as *Aequorea victoria* green FP (GFP), and a sensing domain that undergoes a conformational change upon binding its cognate ligand of interest or in response to some other biological parameter of interest. This conformational change in the sensing domain is propagated to the FP fluorophore environment, leading to a change in fluorescence intensity. First demonstrated in 1999 by Tsien and co-workers for the construction of Ca^2+^ and Zn^2+^ biosensors,^[@ref19]^ this general approach has now been expanded to a multitude of other ligands of interest.^[@ref18]^ Advantages of such biosensors include their ability to be delivered relatively noninvasively in the form of their DNA genes, high specificity conferred by the molecular recognition properties of the sensing domain, low toxicity due to being protein-based, and the ability to be genetically targeted to subcellular compartments.

A key challenge in developing a genetically encoded biosensor is first identifying a protein that both specifically binds to a target ligand of interest and undergoes substantial conformational change upon binding. A protein that satisfies both of these criteria are sensor histidine kinases (SHK), which are one of the two proteins in a bacterial two-component regulatory system (with the other protein being the response regulator).^[@ref20]^ A typical SHK is a homodimer protein with an N-terminal periplasmic sensory domain that has both its N-terminus (TM1) and C-terminus (TM2) linked to transmembrane α-helices ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Linked to TM2 are several intracellular domains, including the C-terminal histidine kinase (HK) catalytic domain.^[@ref21]^ Necessarily, binding of a cognate ligand to the periplasmic sensory domain leads to a conformational change that propagates across the membrane and modulates the activity of the C-terminal HK domain.^[@ref21]−[@ref23]^ Various models have been proposed for these membrane-spanning structural changes including the "piston" model, in which the two helices are vertically displaced relative to each other, the "scissor blade" model, in which the helices undergo a diagonal scissor-like displacement, and the "rotating helix" model, in which one helix is proposed to rotate relative to the other.^[@ref21]^ Regardless of the precise mechanism, it is evident that ligand binding to the periplasmic domain must lead to substantial conformational changes in the transmembrane portion of the HKS.

![Rationale for the design of a single-FP-based citrate biosensor. (a) Schematic representation of *Klebsiella pneumoniae* SHK CitA, which is composed of a periplasmic citrate-binding domain (CitAP; light blue, unbound; magenta, bound), connected to transmembrane helices at both its N- (transmembrane helix 1, TM1) and C-termini (transmembrane helix 2, TM2). TM2 is, in turn, connected to an intracellular HK catalytic domain.^[@ref26]^ (b) The structures of citrate-free CitAP (left; light blue; PDB ID 2V9A),^[@ref25]^ citrate-bound CitAP (right; magenta; PDB ID 2J80),^[@ref25]^ and a superposition of the citrate-free and -bound structures (middle). (c) We hypothesized that the piston-type conformational motion at the CitAP termini could be communicated to GFP to allosterically control the chromophore environment and its fluorescent brightness. In this way, the CitAP domain could serve as the basis of construction of a genetically encoded citrate biosensor. (d) To realize this biosensor design, we inserted CitAP into GFP by replacing the CaM-RS20 domain of ncpGCaMP6s^[@ref27]^ with CitAP.](oc0c00518_0001){#fig1}

One relatively well characterized SHK is the citrate-responsive CitA protein from *Klebsiella pneumoniae*.^[@ref22],[@ref24],[@ref25]^ X-ray crystal structures are available for the Per-Arnt-Sim (PAS)-fold citrate-binding periplasmic domain (CitAP) both with (PDB IDs 1P0Z([@ref24]) and 2J80)^[@ref25]^ and without (PDB ID 2V9A)^[@ref25]^ citrate ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). As described by Sevanna et al.,^[@ref25]^ the major loop of CitAP is disordered in the citrate-free structure but "wraps over" the citrate-binding site in the bound state. In addition, there is substantial movement of a minor loop that "folds in" on the citrate-binding site in the bound state. This "folding in" of the minor loop is associated with a compaction of the central β-sheet that pulls the C-terminus away from the transmembrane domain and causes a piston-like "pull" on TM2. This model is also supported by NMR studies of a truncated and membrane embedded form of CitA.^[@ref22]^

Honda and Kirimura previously reported a genetically encoded biosensor, designated CF98, based on insertion of circularly permuted (cp) GFP into the CitAP domain of CitA.^[@ref28]^ To develop CF98, Honda and Kirimura made a series of nine prototype constructs, in which circularly permuted cpGFP was systematically inserted at positions within the minor loop of CitAP ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [S1ab](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). The most promising construct (CF98) was based on insertion of cpGFP between residues 98 and 99 of CitAP (all numbering as in PDB ID 2J80)^[@ref25]^ and exhibited an intensiometric fluorescence increase (Δ*F*/*F*, calculated as (*F*~max~ -- *F*~min~)/ *F*~min~) of approximately 0.7. CF98 was used to detect intracellular citrate concentration changes in a suspension of *E. coli* treated with citrate. To the best of our knowledge, there have been no reports of using this biosensor to visualize citrate concentrations in eukaryotic cells. In other work, Ewald et al. reported a series of genetically encoded Förster resonance energy transfer (FRET)-based biosensors, composed of a cyan FP and yellow FP fused to the termini of CitAP, that exhibit up to a 55% increase in emission ratio upon binding citrate.^[@ref29]^ These biosensors were originally used to monitor citrate in *E. coli* after starvation and were later used to monitor citrate oscillations in glucose-treated islet β-cells.^[@ref30]^

With the growing recognition of the central importance of citrate in healthy and diseased cells^[@ref1]^ and the need for new tools to probe the concentration of citrate in tissues, we have developed a new generation of high-performance intensiometric direct-response (Citron) and inverse-response (Citroff) genetically encoded biosensors for citrate. Further motivation came from the growing recognition that, with appropriate optimization and directed evolution, high-performance single-FP-based biosensors can be engineered with Δ*F*/*F* \> 10 (refs ([@ref31]−[@ref33])) or even \>100 (refs ([@ref34]) and ([@ref35])). Such large fluorescence changes, combined with high fluorescent brightness and ligand affinity tuned to the relevant physiological concentration, are critical if such biosensors are to be robust and effective tools for tissue-based imaging experiments.

Results {#sec2}
=======

Development of Citrate Biosensors Citron1 and Citroff1 {#sec2.1}
------------------------------------------------------

To construct a genetically encoded biosensor for citrate, we replaced the calmodulin (CaM)-RS20 domain of ncpGCaMP6s^[@ref27]^ (from pcDNA-ncpGCaMP6s, Addgene plasmid \#113674) with residues 4--133 of the CitAP domain of *Klebsiella pneumoniae* CitA ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d and [S1cd](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). From this point on, residues are numbered according to the full length biosensor constructs, as shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf). The initial variant with linker sequences copied from ncpGCaMP6s (linker 1 (L1) = L145--P146 and linker 2 (L2) = L277--E278--N279) were nonfluorescent. To rescue the fluorescence, we randomized each of the two linkers individually and performed colony-based screening. Screening of a library (∼1000 colonies) in which both residues of L1 were randomized led to the identification of ∼50 fluorescent colonies with relatively high brightness. These colonies were picked and cultured overnight at 37 °C in 4 mL of LB media. The bacteria were lysed, the protein extract was dispensed into wells of a 384-well plate, and a microplate reader was used to evaluate fluorescence changes upon citrate binding. This screening led to a variant, designated Citron0.1 (L1 = L145M-P146 V), with a Δ*F*/*F*, calculated as (*F*~max~ -- *F*~min~)/*F*~min~ ≈ 0.2 direct response (that is, an increase in fluorescence upon citrate binding), and a second variant, designated Citroff0.1 (L1 = L145W--P146Q), with Δ*F*/*F* ≈ 1.9 inverse-response (that is, a decrease in fluorescence upon citrate binding). A similar randomization and screening of L2 was then performed for both variants, leading to the identification of Citron0.2 (Δ*F*/*F* ≈ 0.6; L2 = L277S--E278N--N279L) and Citroff0.2 (Δ*F*/*F* ≈ 4.5; L2 = L277P--E278N--N279F).

Following linker optimization, the two variants were further optimized in parallel by directed evolution, which involved screening of randomly mutated libraries generated by an error-prone polymerase chain reaction of the entire biosensor gene. After each round, the most promising variants were used as the template for the next round of library construction and screening. Following 10 rounds of directed evolution, the best direct-response biosensor (with 14 mutations in GFP and 8 mutations in CitAP; [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)) had Δ*F*/*F* ≈ 9 *in vitro* ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)) and was named as Citron1. For the inverse-response biosensor, three rounds of directed evolution led to a variant (with three mutations in GFP and one mutation in CitAP; [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)) that exhibited Δ*F*/*F* ≈ 18 *in vitro* ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)) and was designated Citroff1. Further screening did not produce any variants with improved performance. The dynamic range of both biosensors is substantially higher than the Δ*F*/*F* ≈ 1.1 that we measured for purified CF98 under identical experimental conditions ([Figure S3a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). The molecular brightnesses of the bright states of Citron1 (+ citrate) and Citroff1 (− citrate), calculated as the product of extinction coefficient and quantum yield, are 21 and 25, respectively ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). For reference, EGFP has a brightness of 37.5 (ref ([@ref36])), and the Ca^2+^-bound state of GCaMP6s has a brightness of 41.8 (ref ([@ref37])).

![*In vitro* characterization of new citrate biosensors and crystal structure of Citron1. (a,b) Normalized excitation and emission spectra of purified Citron1 (a) and Citroff1 (b) in the presence and absence of 20 mM citrate. (c,d) *In vitro* citrate titration curves of purified Citron1 (c) and Citroff1 variants (d). Error bars represent standard deviation of triplicates. (e) Overall representation of the Citron1 structure with the position of all mutations indicated. The CitAP domain with citrate is colored in magenta, and the cpGFP domain is colored in green. The chromophore, citrate, and the Cα of Met145 (blue) and Asn278 (magenta) are represented as spheres. (f) Zoom-in view of the hydrogen bonding interaction between Asn278 and the chromophore. Additional residues in the vicinity of Asn278 of Citron1 are shown and labeled with magenta text, with the identity of the corresponding residue of Citroff1 labeled with black text.](oc0c00518_0002){#fig2}

*In Vitro* Characterization and Affinity Tuning {#sec2.2}
-----------------------------------------------

Determination of the citrate-binding affinities of the two biosensors revealed that the *K*~d~ of the direct-response biosensor, Citron1, is 1.1 mM ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), which is a substantially lower affinity than that of CitAP itself (*K*~d~ = 5.5 μM at pH 7).^[@ref38]^ This decreased affinity is attributed to mutations in the CitAP domain that were accumulated during directed evolution ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). Specifically, mutation E223 V is immediately adjacent to the citrate-binding pocket (equivalent to E80 V as numbered in PDB ID 2J80)^[@ref25]^ and is likely to directly affect citrate binding ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). However, as the intracellular citrate concentration in mammalian cells ranges from hundreds of micromolar to several millimolar, Citron1 should be particularly responsive to physiologically relevant concentration changes. We determined that CF98 demonstrates an even lower binding affinity (*K*~d~ ≈ 9 mM), which is likely to make it poorly responsive to physiologically relevant changes in citrate concentration ([Figure S3b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)).

In contrast to Citron1, Citroff1 retains the high binding affinity of CitAP ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). In an effort to fine-tune the affinity of Citroff1 into a physiologically relevant concentration range, we used site-directed mutagenesis to introduce mutations (Y199F, T201A, S227A, S244A, S248A, and S267A) that were expected to directly or indirectly disrupt interactions between the protein and citrate, based on the crystal structure of CitAP (PDB ID 2J80).^[@ref25]^ Mutations that have previously been reported to lower the binding affinity (R192A, K220A, K235A, and R250A) were also assessed.^[@ref39]^ Single-mutations S244A and R250A resulted in biosensors with substantially lower affinity (*K*~d~ = 35 and 153 μM, respectively) while maintaining a large dynamic range ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). A combination of S244A and Y199F further increased the *K*~d~ to 965 μM but with a slightly lowered Δ*F*/*F* of ∼11 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). Other single or pairwise combinations of mutations did not yield variants that had both appropriate affinities and large fluorescence responses ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)).

pH Dependence and Nonbinding Control Biosensors {#sec2.3}
-----------------------------------------------

To determine the pH dependence of the response of Citron1 and Citroff1, the fluorescence was measured in the presence and absence of citrate at various pH values ([Figure S6a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). Citron1 exhibits a 60% increase in fluorescence intensity for the citrate-bound state and a 150% increase in fluorescence intensity for the citrate-free state, when going from a pH of 6.0 to 8.0. For Citroff1, the values are 730 and 350%, respectively. In terms of specificity, the two citrate biosensors showed a negligible response to several potentially interfering metabolites at high concentration (20 mM) ([Figure S6c,d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). This excellent specificity is similar to that of the previously reported citrate biosensors that employed CitAP as the sensing domain.^[@ref28],[@ref29]^ In a previous study, a bound sodium ion (Na^+^) was observed in the crystal structure of CitAP, which might potentially affect the citrate-induced conformational change.^[@ref24]^ The dependence of Citron1 and Citroff1 on Na^+^ was examined, and no obvious Na^+^-dependent fluorescence change was found ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)).

While Citron1 is only modestly pH-sensitive through the physiologically relevant pH range, the possibility of artifactual fluorescence changes due to changes in pH is a persistent concern for both Citron1 and Citroff1 when performing cell imaging with genetically encoded biosensors. Accordingly, we created citrate-insensitive (but pH-sensitive) control constructs by introducing two key mutations (R209A and H212A, equivalent to CitAP R66A and H69A, respectively; [Figures S2 and S8a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)) to disable citrate binding. These variants, named as CitronRH and CitroffRH, showed no response to citrate ([Figure S8b,c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)), but pH dependence that was similar to Citron1 and Citroff1 in the citrate-free states ([Figure S8d,e](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). These variants are appropriate controls for evaluating the possible contribution of pH changes and other physiological changes to fluorescence responses observed during cell imaging experiments.

Crystal Structure of Citron1 {#sec2.4}
----------------------------

In an effort to obtain molecular insight into the structure and mechanism of these citrate biosensors, we crystallized Citron1 in the citrate-bound state. The Citron1 crystal structure was determined to 2.99 Å resolution using molecular replacement ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e,f and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). The overall structure is represented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e, with all mutations labeled. Within the biosensor structure, the CitAP domain and its citrate-binding pocket are essentially identical to previously determined CitAP structures.^[@ref24],[@ref25]^

Inspection of the molecular interactions between the GFP chromophore and its immediate environment reveals a possible mechanism for the citrate-dependent fluorescence modulation. Specifically, we observe a hydrogen bond between the GFP chromophore phenolate group and the side chain of Asn278 in linker 2 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f). This interaction is likely to stabilize the fluorescent phenolate form (deprotonated form), resulting in bright fluorescence in the citrate-bound state. Presumably, in the citrate-free state, Asn278 is positioned in a different conformation such that this hydrogen bond interaction is not present, and the dimly fluorescent phenol form (protonated form) of the chromophore predominates. A very similar mechanism has been previously suggested for the red Ca^2+^ biosensor K-GECO1 (ref ([@ref40])). In the Ca^2+^-bound state of K-GECO1, Asn32 is positioned similarly to Asn278 of Citron1 and is similarly engaged in a hydrogen bond with the chromophore. In the case of Citroff1, we speculate that Asn278 stabilizes the phenolate form of the chromophore through a hydrogen bond interaction in the citrate-free state but not in the citrate-bound state.

Quantification of Citrate Concentrations in HeLa Cells {#sec2.5}
------------------------------------------------------

To evaluate the utility of Citron1 and Citroff1 for visualization of intracellular citrate concentration changes, we expressed each construct in HeLa cells (ATCC CCL-2). The genes were expressed under a CMV promoter with either no targeting (that is, cytoplasmic and nuclear localization), or as a fusion to two copies of a mitochondrial-targeting sequence^[@ref41]^ (that is, mitochondrial localization). As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, the biosensors exhibited strong fluorescence intensity in both the cytoplasm and mitochondria of HeLa cells. Artificial changes in the intracellular citrate concentration were achieved by permeabilization of the cell membrane with digitonin followed by citrate addition to the imaging buffer. Substantial fluorescence changes were observed for both Citron1 and Citroff1, and the changes were similar for both the cytoplasmic and mitochondria-localized biosensors ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b and [S9a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). No substantial fluorescence changes were observed when cells expressing the control variants, CitronRH and CitroffRH, were subjected to the same treatments ([Figure S10a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). These results demonstrate that Citron1 and Citroff1 remain responsive to citrate concentration changes when expressed in live cells.

![Expression of citrate biosensors in HeLa cell and permeabilization tests. (a) Representative fluorescence images of HeLa cells expressing Citron1 in the cytosol (left panel) and mitochondria (right panel). (b) Fluorescence intensity of Citron1 in the cytosol in response to treatment with digitonin and citrate (*n* = 78 cells). The analogous chart for mitochondrial Citron1 is provided as [Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf). (c,d) *In situ* titration of Citron1 (c) and Citroff1 (d) in the cytosol. Digitonin was added as indicated, and the concentration of citrate in the external buffer is indicated in millimolar (*n* = 128 for Citron1 and *n* = 26 for Citroff1). (e) *In situ* titration curve of Citron1 in the cytosol averaged from 128 cells in panel (c). At the highest concentrations (14.6 and 24.6 mM), the biosensor may not have fully equilibrated with the added citrate (see panel (c)), and the *in situ K*~d~ may therefore be underestimated. The analogous chart for Citroff1 is provided as [Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf). Error bars represent s.e.m. for panels (b--e). (f) Quantification of citrate concentration in the cytosol and mitochondria with or without 5.5 mM glucose in the buffer. Each dot is quantified using the average signal from tens of cells in a single experiment. Center box and whiskers represent the average and s.e.m. of the four data points, respectively.](oc0c00518_0003){#fig3}

To perform an *in situ* titration to quantify the citrate concentration in the cytosol, cell membranes were permeabilized with digitonin, and various concentrations (0.1 to ∼20 mM) of citrate were added to the imaging buffer ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d). After each titration step, we allowed at least 250 s for the biosensors to reach the maximal signal change before the next step. The average response from cells expressing Citron1 or Citroff1 vs concentration of citrate was plotted to provide an *in situ* calibration curve ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e and [S9b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). To quantify the concentration of citrate in cells, we acquired a fluorescence image of individual intact cells, then acquired a second image following treatment with digitonin to fully deplete intracellular citrate, and then acquired a third image after adding a saturating concentration of citrate (20 mM). The initial fluorescence intensity of intact cells (first image) was normalized according to the intensities at 0 mM (second image) and 20 mM citrate (third image), and the initial concentration was determined using the previously acquired calibration curve ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e and [S9b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). Using this approach, the average citrate concentrations in the cytosol and mitochondria of HeLa cells conditioned in HEPES buffered HBSS solution with 5.5 mM glucose were determined to be 0.15 ± 0.07 and 0.44 ± 0.13 mM, respectively, using Citron1 (four replicates each). In the absence of glucose in the same buffer, citrate concentration remained essentially constant both in the cytosol and mitochondria ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f). Quantification using Citroff1 gave concentrations (0.12 ± 0.01 mM in the cytosol and 0.45 ± 0.19 mM in the mitochondria) consistent with the Citron1 measurements. The experimentally determined cytosolic citrate concentration is comparable to that previously reported for Hep G2 cells (168.0 ± 51.0 μM)^[@ref42]^ and human blood plasma (100--150 μM).^[@ref43]^

Physiological and Pharmacological Alteration of Subcellular Citrate Concentration {#sec2.6}
---------------------------------------------------------------------------------

Next, we explored the use of Citron1, Citroff1, and the affinity variants for imaging of changes in citrate concentration induced by changes in culture media composition or by pharmacological treatments. Both Citron1 and Citroff1 biosensors demonstrated a larger *K*~d~ in cultured cells than that *in vitro* (5.7 mM *in situ* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e) vs 1.1 mM *in vitro* for Citron1 and 130 μM *in situ* ([Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)) vs 5 μM *in vitro* for Citroff1). Among the inverse-response biosensors, Citroff1 has an optimal *in situ K*~d~ for imaging citrate dynamics in the cytosol, where the citrate concentration is determined to be 0.12--0.15 mM. Citroff1 S244A, with a slightly lower affinity than Citroff1, is presumably suitable for imaging citrate in the mitochondria where the citrate concentration was ∼0.45 mM. To investigate glucose-induced changes in intracellular citrate concentration, Citron1- and Citroff1-expressing HeLa cells were kept in a glucose-free buffer for 0.5--1 h. Upon glucose addition, both Citron1 and Citroff1, targeted to either the cytosol or mitochondria, exhibited fluorescence intensity changes consistent with an increased citrate concentration (that is, increased fluorescence intensity for Citron1 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) and decreased signal for Citroff1 ([Figure S11b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf))). The cytosolic citrate concentration substantially increased upon glucose treatment as revealed using both Citron1 and Citroff1. For mitochondrial citrate, treatment with glucose induced an initial transient decrease followed by a slower increase as reported by the mitochondria-localized Citron1. Consistent results were obtained with mitochondrially targeted Citroff1 S244A (with *K*~d~ = 35 μM vs *K*~d~ = 5 μM for Citroff1), though the initial transient decrease was not as pronounced ([Figure S11d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). Similar experiments using the control variants, CitronRH and CitroffRH, confirmed that the observed signal changes were attributable to changes in citrate concentration rather than other potentially confounding factors such as pH changes ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)).

![Use of Citron1 for imaging of citrate concentration changes induced by changes in glucose or pharmacologically in HeLa cells. (a) Glucose-induced citrate concentration changes detected with cytosolic (orange trace, *n* = 32) and mitochondrial (green trace, *n* = 28) Citron1. (b) BMS-303141-induced citrate concentration changes detected by cytosolic (*n* = 22) and mitochondrial (*n* = 24) Citron1. (c) UK-5099 (in DMSO)-induced citrate concentration changes detected by Citron1 (blue trace, *n* = 36) expressed in mitochondria. Control experiments include Citron1 + DMSO (orange trace, *n* = 23), CitronRH + UK-5099 (gray trace, *n* = 38), and CitronRH + DMSO (green trace, *n* = 23). The arrow indicates the addition of UK-5099 or DMSO solutions. Error bars in a--c represent s.e.m. (d--f) Dual color imaging of citrate and ATP concentration changes in mitochondria using Citron1 and MalionR.^[@ref44]^ (d,e) Representative fluorescence images of cells coexpressing Citron1 (d) and MalionR (e). (f) Representative glucose-induced citrate and ATP concentration changes reported by Citron1 (green traces) and MalionR (red traces).](oc0c00518_0004){#fig4}

The observed increases in cytoplasmic and mitochondrial citrate concentrations following glucose treatment are consistent with increased glucose availability fueling the TCA cycle, resulting in an increase in TCA intermediates including citrate. Notably, citrate concentration changes occurred approximately 50 s earlier in the mitochondria compared to the cytosol ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), consistent with the expected production of citrate by citrate synthase in mitochondria.^[@ref10]^

We next used Citron1 and Citroff1 to investigate changes in citrate concentration associated with inhibition of ACLY by the inhibitor BMS 303141 (ref ([@ref45])). Using cytosolic Citron1 and Citroff1, we observed a transient slight increase of citrate concentration, followed by a sustained decrease in concentration ([Figure S12a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). The initial transient increase in mitochondrial citrate concentration was most pronounced when using Citroff1 S244A ([Figure S12d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)) but less apparent with Citron1 ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [S12c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). These differences in biosensor response are most likely due to differences in *K*~d~ for Citron1 vs Citroff1 vs Citroff1 S244A (1100, 5, and 35 μM, respectively). Mechanistically, the transient citrate accumulation is to be expected upon ACLY inhibition, due to cessation of citrate to acetyl-CoA conversion. The subsequent sustained decrease in mitochondrial citrate concentration may be due to the suspended production of oxaloacetate catalyzed by ACLY and downstream malate catalyzed by malate dehydrogenase^[@ref46]^ in the cytosol. Since the mitochondrial CiC imports malate to the mitochondria in exchange for citrate export,^[@ref47],[@ref48]^ the reduced concentration of cytosolic malate could potentially suppress citrate export and therefore cause a decrease in the concentration of citrate in the cytosol. Parallel experiments with the control variants CitronRH and CitroffRH confirmed that the observed changes in fluorescence were induced by citrate concentration changes ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)). Taken together, our results demonstrate that imaging of citrate concentration dynamics with Citron1 and Citroff1 provides a sensitive method for the detection of ACLY activity that could potentially be used in cell-based screens for ACLY inhibitors.^[@ref4]^

To investigate changes in citrate concentration associated with pharmacological manipulation of its upstream metabolic regulator, mitochondrial pyruvate carrier (MPC), we applied MPC inhibitor UK-5099 to HeLa cells expressing the mitochondria-localized citrate biosensors.^[@ref49]^ We hypothesized that inhibition of MPC would block pyruvate uptake into mitochondria and lead to decreased flux of the TCA cycle and a lower citrate concentration. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c (blue trace), treatment with UK-5099 (1 mM stock in 10% DMSO; diluted 1:40 to give a final concentration of 25 μM) resulted in a transient 20% increase of Citron1 fluorescence, followed by a sustained decrease. Cells expressing the CitronRH control construct in mitochondria exhibited a smaller and slower transient increase in fluorescence and no sustained decrease ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, gray trace). In parallel control experiments, we found that DMSO alone elicited even larger transient fluorescence increases for both Citron1 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, orange trace) and CitronRH in mitochondria ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, green trace), possibly due to a pH increase related to DMSO-dependent modulation of mitochondrial membrane potential and structural integrity.^[@ref50],[@ref51]^ This result suggests that the initial increase observed for Citron1 is likely an experimental artifact. Nevertheless, the sustained decrease in Citron1 fluorescence upon treatment of UK-5099 (and not in any of the control experiments) is consistent with UK-5099-dependent inhibition of pyruvate uptake into mitochondria. This result suggests that Citron1 could be potentially used for indirect monitoring of pyruvate uptake and TCA cycle activity in mitochondria. This example also illustrates the importance of nonbinding control constructs to decouple true from artifactual fluorescence changes.

Concurrent Imaging of Citrate and ATP Dynamics in HeLa Cells {#sec2.7}
------------------------------------------------------------

To explore the possibility of using the new citrate biosensors for multicolor and multiparameter metabolite imaging, we coexpressed green fluorescent Citron1 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) with the red fluorescent ATP biosensor, MalionR ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e),^[@ref44]^ both targeted to the mitochondria. Upon treatment of starved (glucose-free) HeLa cells with 20 mM glucose, we observed a change in MalionR fluorescence that was consistent with an increase in ATP concentration, as has been previously reported.^[@ref52]^ Similar to our previous results ([Figure S11c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)), Citron1 again reported an initial small dip and then a large increase in mitochondrial citrate ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f). Overall, these results support the notion of tight coupling between ATP and citrate concentrations in mitochondria.^[@ref53]^

Imaging Citrate in INS-1 Beta Cells {#sec2.8}
-----------------------------------

Citrate export from the mitochondria plays a critical role in regulation of insulin secretion from pancreatic beta cells.^[@ref8]^ To investigate the utility of the citrate biosensors in beta cells, we expressed Citron1 in INS-1 rat insulinoma cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and acquired *in situ* calibration curves ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c). Using the *in situ* calibration curves, we determined the concentration of citrate in the cytosol and mitochondria of INS-1 cells, conditioned in Krebs-Ringer buffer, to be 2.93 ± 0.09 and 2.81 ± 0.24 mM, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). These concentration values are substantially higher than those of HeLa cells (0.15 ± 0.07 and 0.44 ± 0.13 mM). The higher concentrations of citrate are consistent with a higher flux through the TCA cycle, as further supported by the higher oxygen consumption rates (OCRs) of INS-1 cells compared to that of HeLa cells.^[@ref52]^ Addition of 20 mM glucose increased both cytosolic and mitochondrial citrate concentration to ∼25 mM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d--f). This result is in agreement with a previous study, in which it was demonstrated that stimulatory glucose can result in an approximately an 8-fold increase in the concentration of citrate.^[@ref54]^

![Characterization of Citron1 in INS-1 cells. (a) Representative fluorescence images of INS-1 cells expressing Citron1 in the cytosol (left panel) and mitochondria (right panel). (b,c) *In situ* titration curve of Citron1 in the cytosol (b, *n* = 62) and mitochondria (c, *n* = 34). (d) Citrate concentration in the cytosol (gray) and mitochondria (green) in Krebs-Ringer buffer with or without 20 mM glucose/2 mM BTC treatment. Each quantification result is averaged from triplicates. (e,f) Glucose- and BTC-induced citrate changes in the cytosol (e, *n* = 49) and mitochondria (f, *n* = 14). (g,h) BTC-induced citrate changes in the cytosol (g, *n* = 7) and mitochondria (h, *n* = 10) in the absence of glucose. The results of quantification in (e--h) are summarized in (d). Error bars in (b--h) marks s.e.m.](oc0c00518_0005){#fig5}

An inhibitor of mitochondrial CiC, 1,2,3-benzenetricarboxylate (BTC), suppresses glucose-stimulated insulin secretion by blocking the mitochondrial export of citrate.^[@ref8]^ We found that the citrate concentration in INS-1 cells treated with 2 mM BTC after glucose addition exhibited a pronounced decrease from ∼25 to ∼10 mM, followed by an increase to ∼18 mM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d--f). Cells treated with 2 mM BTC in the absence of glucose decreased in citrate concentration from ∼3 to less than 2 mM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d,g,h). The citrate concentration in the cytosol and mitochondria are found to be nearly identical and changed in parallel during our experiments. Imaging with the nonbinding variant CitronRH confirmed that the fluorescence changes are indeed attributable to changes in citrate concentration ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00518/suppl_file/oc0c00518_si_001.pdf)).

Discussion {#sec3}
==========

We have engineered two new high-performance citrate biosensors, Citron1 and Citroff1, through the use of semirational design and directed protein evolution. The initial prototype for both of these new biosensors was constructed by effectively inserting the CitA sensing domain into GFP at the uniquely permissive site in the vicinity of residues 146--147. Insertions at this site are generally well tolerated, and such hybrid proteins (that is, GFP with a conformationally response domain inserted at this site) can generally be optimized to produce high-performance constructs such as Ca^2+^ and K^+^ biosensors.^[@ref27],[@ref55]^ In such biosensors, a conformational change in the sensing domain (for example, as induced by binding to an analyte of interest), is communicated to the GFP chromophore environment in such a way that the fluorescence intensity is reversible modulated.

To develop biosensors with effective coupling between the sensing domain and the GFP chromophore environment, we first attempted to optimize the two linkers that connect the CitA domain to GFP. This effort resulted in two distinct variants: one with a direct fluorescence response and one with an inverse fluorescence response, to citrate binding. Further optimization by random mutagenesis and screening ultimately led to the Citron1 and Citroff1 biosensors, respectively. Variants of Citroff1 with *K*~d~ values ranging from 5 μM to ∼1 mM were engineered by introducing rationally designed mutations in the binding pocket or at previously reported positions.^[@ref39]^

As a series, Citron1 and Citroff1 (and its affinity variants) exhibit substantially larger dynamic responses and much more sensitivity in the physiologically relevant range of citrate concentrations than the previously reported single-FP-based citrate biosensors CF98. Furthermore, the availability of citrate-insensitive but pH-sensitive variants provides researchers with an ideal experimental control to confirm that signal changes from the biosensor are attributable to citrate rather than other physiological changes such as in pH. Together, these advantages mean that the advent of Citron1 and Citroff1 represent a major advance for the detection of citrate concentration dynamics in live mammalian cells using fluorescence imaging. Notably, the CitAP domain of the thermophilic bacterium *Geobacillus thermoleovorans* CitA SHK has recently been shown to be amenable to "binding pocket grafting" to convert its binding specificity to that of close homologues including [l]{.smallcaps}-malate, phthalate, and ethylmalonate.^[@ref56]^ Potentially, similar binding pocket grafting could be used to create a series of new biosensors based on the Citron1 and Citroff1 templates.

We have demonstrated the utility of these new citrate biosensors for the quantitative determination of citrate steady-state concentrations in both the mitochondria and cytosol of HeLa and INS-1 cells. In addition, we have used these biosensors to follow dynamic changes in citrate concentration in cells induced by changes in glucose concentration in the media or by pharmacological treatment. These imaging results have generally reaffirmed what was already known, or expected, regarding citrate concentrations in these two cell types. For example, INS-1 cells were found to have substantially higher concentrations of citrate than HeLa cells, consistent with the higher metabolic rates of INS-1 cells.^[@ref52]^ However, these citrate indicators also enable intracellular citrate concentrations to be probed in ways that would be otherwise impractical or impossible. As one example, these indicators have enabled us to determine that, upon treatment of starved cells with glucose, the increase in cytosolic citrate concentration is delayed ∼50 s relative to the increase in mitochondrial citrate concentration. As another example, these indicators have enabled us to observe transient changes in citrate concentration that would likely escape notice using traditional biochemical approaches that lack high temporal precision. For example, treatment of cells with the ACLY inhibitor BMS 303141 caused a transient increase in citrate concentration followed by a sustained decrease in concentration. In summary, we expect these high-performance citrate biosensors will see widespread adoption for use in tracking the metabolism of various types of cells for biochemical and pharmacological studies conducted either *in vitro* and *in vivo*. Both particularly low and particularly high concentrations of citrate have been reported to be key characteristics of normal and diseased cell types and to play a role in a variety of fundamental processes. For example, citrate concentration in prostate cancer cells is substantially lower than in noncancerous cells,^[@ref100]^ and astrocytes produce and release large amounts of citrate into cerebrospinal fluid.^[@ref57]^ In the extracellular milieu, citrate might function as a chelator of free Ca^2+^ and Zn^2+^, altering the excitable state of neurons.^[@ref57]^ To provide insight into this hypothesis, the green citrate biosensors reported here could potentially be used simultaneously for multiparameter, multicolor imaging with red fluorescent Ca^2+^ and Zn^2+^ biosensors^[@ref32],[@ref40]^ in order to correlate changes in citrate concentration with changes in the concentration of these divalent cations. Finally, it has been found that early onset epilepsy in children is related to loss-of-function mutations in the Na^+^-coupled citrate transporter (SLC13A5) in neurons, but the mechanism remains unclear.^[@ref58]−[@ref61]^ For these example biological problems, and many others not mentioned here, imaging citrate concentration changes using citrate biosensors will undoubtedly provide us with a deeper understanding of the underlying mechanism and further highlight citrate's role as one of life's most central metabolites.
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